Introduction {#sec1}
============

Near infrared (NIR) cyanine dyes, such as indocyanine green (ICG, a FDA approved clinical agent), IR780, IR820, or other structurally modified cyanine dyes, have emerged as excellent NIR imaging agents and potential photosensitizers in the applications of cancer diagnosis and photodynamic therapy (PDT).^[@ref1]−[@ref8]^ The strong absorption and emission in the near-infrared region (650--900 nm), deep tissue penetration, and high photoconversion efficiency of these NIR cyanine dyes are inherent advantages in cancer diagnosis and treatment.^[@ref9],[@ref10]^

Although traditional NIR cyanine dyes have been substantially studied, a notorious phenomenon in the physiological aqueous environment known as concentration quenching or aggregation-caused quenching (ACQ) is a big impediment to their extensive application.^[@ref11],[@ref12]^ The ACQ effect in organic dyes is generally regarded as unfavorable, which has only allowed use of dilute solutions of fluorophores for biosensor applications^[@ref13],[@ref14]^ To overcome the ACQ effect, some effective strategies based on molecular engineering have been proposed by some researchers. For example, Zhang et al. found that pentamethine cyanine dyes with a structure of benzothiopyrylium heterocycles obtained various antiquenching properties including high brightness and superior photostability in aqueous solution.^[@ref15]^ Another effective strategy is to introduce bulky groups and polymer chains into the fluorophores, which can prevent π--π stacking of fluorophores in the polymeric matrix.^[@ref16]−[@ref19]^ However, these strategies require complicated synthetic efforts.

In addition, photostability in aqueous media is another critical index for cyanine dyes as fluorescent biolabels. Unfortunately, most cyanine dyes, such as Cy5 and Cy7, are prone to quick photobleaching by light irradiation, which does not allow long-term tracking of the biological processes.^[@ref20]^ This is because reactive oxygen species (ROS, such as ^1^O~2~, O~2~^--^, H~2~O~2~, •OH, etc.) formed *in situ* by photosensitization of cyanine dyes lead to oxidative cleavage of the cyanine's polyene linker, which is a well-defined photooxidation pathway.^[@ref21]−[@ref24]^ To address these deficiencies, researchers seek to rationally optimize the molecular structure of cyanine dyes to slow or even block photobleaching via molecular engineering. For example, certain cyanine dyes are modified through reducing the electron cloud density of the polyene chain or occupying the easily nucleophilic α-carbon of the polymethine chain to reduce the probability of C--C oxidative cleavage.^[@ref25],[@ref26]^ The cyanine dyes are modified by the substituent groups with dendritic structure or steric hindrance groups of rigid structure, which are general strategies to significantly improve photostability.^[@ref27],[@ref28]^ As is well-known, the excited triplet state of the photosensitizer is strongly linked to the production of ROS, which could sensitize ^3^O~2~ to ^1^O~2~. To reduce the species of triplet and radical states, some self-protective derivatives containing cyclooctate, trolox, or nitrobenzyl alcohol have also been developed.^[@ref29],[@ref30]^ In addition, some supramolecular self-assembly strategies have been employed to provide better performance of photosensitizer molecules in PDT or bioimaging.^[@ref31]−[@ref36]^

All of the above effective strategies via molecular engineering have a positive effect on inhibiting ACQ and improving photostability in aqueous media. However, a variety of physiological microenvironment factors including the interaction between fluorophores and water molecules, pH, viscosity, and the localized concentration of the fluorophores can directly affect the photophysical properties of the fluorophores and further severely influence the effect of fluorescence bioimaging or PDT. Recently, nanomaterials, notably inorganic silica nanoparticles, have the advantages of good biocompatibility and easy surface functionalization, to be particularly suitable carriers of organic fluorescence dyes for biochemical analysis and tumor treatment.^[@ref37],[@ref38]^ The fluorophores encapsulated in silica matrix can extend the luminescence lifetime and improve the photostability or fluorescence intensity due to the chemical inertness of the silicon-rich structure.^[@ref39]−[@ref42]^ However, deep inward diffusion of water is inevitable due to the porous structure and high hydrophilicity of silica nanoparticles. ACQ can still occur, and photostability can still be reduced due to the proximity of water.^[@ref43]^ These two negative characteristics also dramatically hamper the application of fluorescent nanoparticles as imaging contrasts and PDT photosensitizers in the aqueous biological environment. How fluorescence intensity and photostability may be improved not only through molecular engineering or empirical efforts, but also through rationally regulating the fluorophore-microenvironment relationships to inhibit ACQ in the physiological aqueous media, is a challenging problem. In particular, preparing cyanine-anchored fluorescent silica nanoparticles with super fluorescence intensity, superior photostability, and high ROS generation in aqueous media remains a great challenge to date.

Herein, the hydrophobic organosilicone agent (*n*-octyltriethoxysilane, OTES), widely used in the hydrophobic modification of materials,^[@ref44]−[@ref47]^ is applied to construct a local hydrophobic cage inside FSNPs to inhibit the ACQ effect and inward diffusion of water molecules for the first time. The local hydrophobic cage can provide a nonpolar microenvironment for the doped cyanine dyes which is synchronously optimized via precise molecular engineering (including increasing covalent anchoring sites and steric hindrance groups). Such a collaborative strategy is expected to enhance the photophysical properties of the prepared FSNPs ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). Accordingly, the effects of the combinatorial modification strategy on photophysical properties of FSNPs including fluorescence lifetime, fluorescence intensity, photostability, and the productive ability of ^1^O~2~ are systematically investigated. On this basis, the PDT effect, intracellular photostability, and intracellular anti-ROS ability of modified FSNPs are evaluated on 2D and 3D (spheroids) HeLa cell culture models.

![Schematic Representation of the Preparation of FSNP-A, -B, and -C](oc0c00071_0011){#sch1}

Results and Discussion {#sec2}
======================

Synthesis Strategy of FSNPs {#sec2.1}
---------------------------

As shown in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}, three new heptamethine aminocyanine dyes (dye a, dye b, dye c) were designed and synthesized to form cyanine-APTES silane molecules as the precursor of nanoencapsulation.^[@ref48]^ FSNP-A, -B, and -C were prepared by using modified water-in-oil (W/O) reverse microemulsion method based dyes a--c ([Experiment Part](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00071/suppl_file/oc0c00071_si_001.pdf) in Supporting Information). Dyes a--c are expected to provide the prepared FSNPs better photostability and fluorescence brightness due to their bulky benzyl groups and two or three carboxyl acid anchoring sites. In particular, after the prehydrolysis process of cyanine-APTES with OTES for 12 h under alkaline condition before adding silica source (TEOS), the cyanine dyes were enclosed from all sides by hydrophobic alkyl chains of OTES so that they were "trapped", as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. Eventually, TEOS was hydrolyzed at the oil--water interface, encapsulating the monomer precursor (cyanine-APTES and OTES) in the interior to form a covalently cross-linked network through hydrolysis and polycondensation mechanism.

![Simplified representation of a local hydrophobic cage inside cyanine-anchored FSNPs.](oc0c00071_0001){#fig1}

It is worth noting that, when the modified coupling agents of different lengths of hydrophobic alkyl chains (C~3~-PTOS, C~8~-OTES, and C~12~-DTOS) were selected, their degree of hydrolysis in the W/O reverse microemulsion was completely different (details in [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00071/suppl_file/oc0c00071_si_001.pdf)). After the terminated hydrolysis process using acetone and being left for 1 h, the modified nanoparticles by short hydrophobic chain (C~3~-PTOS and C~8~-OTES) could be successfully prepared, while the reaction system with long chain modification (C~12~-DTOS) was still a turbid emulsion without nanoparticle formation. Therefore, we speculate that the difference in the hydrolysis process may be closely related to the collision probability of oil-soluble silane coupling agents and water molecules (the schematic diagram of the hydrolysis process in [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00071/suppl_file/oc0c00071_si_001.pdf)). In a water-in-oil system, aqueous ammonia is present in the aqueous phase, while TEOS and oil-soluble silane coupling agents are present in the oil phase. Undoubtedly, the hydrolysis of the silane coupling agents and TEOS is competitive. This is because the water phase is distributed in the oil phase in the form of nanoscale water droplets in this water-in-oil system in which the surfactant TX-100 working at the oil--water interface plays a stabilizing role. The relatively hydrophilic short chain silane coupling agent (C~3~-PTOS or C~8~-OTES) is more susceptible to hydrolysis at the oil--water interface than long chain silane coupling agents (C~12~-DTOS) in this water-in-oil system. Therefore, the presence of surfactant TX-100 makes it more difficult for hydrophobic long chain silane coupling agents (C~12~-DTOS) to hydrolyze in contact with the aqueous phase, eventually leading to the failure of the hydrolysis process and no nanoparticles formation ([Figure S1c](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00071/suppl_file/oc0c00071_si_001.pdf)). As a result, the hydrophobic organosilicone agent OTES was chosen to provide the hydrophobic modification. Three kinds of FSNPs (FSNP-a, FSNP-b, and FSNP-c) without hydrophobic modification with OTES were also prepared as control groups through W/O reverse microemulsion method. The difference from the preparation of FSNP-A, FSNP-B and FSNP-C was that OTES was not added to the corresponding water-in-oil system.

Structural Characterization of FSNPs {#sec2.2}
------------------------------------

After the preparation of FSNP-A--C, their morphology characteristics were tested by TEM. FSNP-A--C ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a--c and [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00071/suppl_file/oc0c00071_si_001.pdf)) and control groups FSNP-a--c ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00071/suppl_file/oc0c00071_si_001.pdf) and [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00071/suppl_file/oc0c00071_si_001.pdf)) have similar particle sizes (∼40 nm). Furthermore, FSNP-A--C remain almost the same pore diameter values with of pure SiO~2~. Zeta potential measurements of FSNP-A--C are also performed to provide surface parameters. The Zeta potential values of FSNP-A--C, and FSNP-a--c are very close to that of pure SiO~2~ ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00071/suppl_file/oc0c00071_si_001.pdf)), which indicates that cyanine dyes encapsulation and hydrophobic modification are carried out inside of nanoparticles. Subsequently, we try to arrest the surface information on FSNP-A--C by FTIR ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00071/suppl_file/oc0c00071_si_001.pdf)). The pure SiO~2~ (black line) exhibits IR characteristic absorption peaks at the bands assigned to Si--O--Si bending (472 cm^--1^), Si--O--Si symmetric stretching (802 cm^--1^), external Si--OH groups (953 cm^--1^), Si--O--Si asymmetric stretching (1103 cm^--1^), and −OH antisymmetric stretching vibration of silanol with bound water (3417 cm^--1^). For OTES-doped FSNP-A--C, the absorption peak of the characteristic external Si--OH groups and −OH antisymmetric stretching vibration of silanol with bound water at 3417 and 953 cm^--1^ are same as pure SiO~2~ respectively, which ensures that the surface of modified FSNP-A--C is still hydrophilic. Meanwhile, the FSNP-A--C do not show additional bands, which can be assigned to the alkyl groups \[−(CH~2~)~*n*~−\] presented in OTES. Thus, OTES is most likely to be doped in the interior of FSNPs through the modified reverse microemulsion method while maintaining the hydrophilic property of FSNP-A--C.

![(a--c) TEM images of FSNP-A--C, respectively; (d--f) Normalized absorption and emission spectra of FSNP-A--C in water; (g) the fluorescent intensity of free dyes, FSNP-a--c and FSNP-A--C *in vitro*; (h) chemical durability of FSNP-A--C (0.5 mg mL^--1^) in phosphate buffer (pH = 7.4, 10 mM) and culture medium for 14 days. All samples are dispersed or dissolved in water to a final concentration with almost the same absorbance (0.01); error bars represent ± σ for triplicate measurements.](oc0c00071_0003){#fig2}

Photophysical Characteristics of FSNPs {#sec2.3}
--------------------------------------

Next, we systematically investigated the photophysical properties of FSNP-A--C, which may be affected by multiple modification factors. The absorption and emission spectra of FSNPs were recorded in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d--f. The spectra showed that FSNPs possessed the same large Stokes shift in water (\>100 nm) as free dyes. This also indicated that the structure of cyanine was not destroyed after being encapsulated in the nanoparticles. As is well-known, most traditional polymethine cyanine dyes have a small Stokes shift. For example, the Stokes shift of ICG is only about 20 nm. Such a large overlap between absorption and emission spectra may cause fluorescence self-quenching. Especially in the case of a high concentration or nanoencapsulation, the fluorescence intensity will be significantly reduced. However, dye a, dye b, and dye c exhibit a large blue shift and a large Stokes shift (\>100 nm) due to an excited-state intramolecular charge transfer (ICT) between the donor and acceptor in the heptamethine aminocyanine dyes.^[@ref49]^ Therefore, the newly designed heptamethine aminocyanine dyes selected in this work can minimize the fluorescence intensity reduction caused by fluorescence self-quenching. Also, this is an important basis for constructing a local hydrophobic cage inside fluorescent silica nanoparticles (FSNPs) to further improve their fluorescence brightness.

It is well-known that the luminescent properties of the cyanine dyes are susceptible to an aqueous environment. Thus, the fluorescence intensity of FSNPs was measured in water through adjusting the absorbance to 0.01. It could be seen from [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}g that all the fluorescence intensity of FSNP-a--c and FSNP-A--C were improved after the cyanine dyes were encapsulated inside the silica frameworks. This is because cyanine was covalently anchored to the rigid silica matrix that could maximally restrict intramolecular rotation and restrain π--π stacking interaction, which can inhibit the ACQ effect and further reduce the nonradiative transition process. Additionally, we can clearly observe that the number of covalent anchoring sites had a positive effect on increasing fluorescence intensity ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}g). When the number of anchoring sites was two, the fluorescence intensities of FSNP-a and FSNP-b were 1.5 and 1.4-fold than that of free dye a and b. Especially for FSNP-c, when the number of anchoring sites was increased to three, the fluorescence intensity was significantly improved (3.0-fold than that of free dye c). These results also confirmed that the increase in the number of anchoring sites could effectively limit intramolecular rotation, further reduce the energy loss of excited states, and eventually improve the fluorescence intensity, which were consistent with our previous work.^[@ref50]^ Remarkably, the fluorescence intensities of FSNP-A--C were further significantly improved (the fluorescence intensities of FSNP-A and FSNP-B were up to 5.3- and 5.2-fold compared to that of free dye a and dye b, respectively), wherein the fluorescence intensity of FSNP-C reached to 12.3-fold that of free dye c. We speculated that it may result from OTES-doped FSNPs containing hydrophobic alkyl inside to provide a local hydrophobic cage (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}), which could efficiently inhibit the strong solvation of water molecules and the ACQ effect. So we further compared the fluorescence intensity of free dyes and FSNPs in absolute ethanol ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00071/suppl_file/oc0c00071_si_001.pdf)). As shown in [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00071/suppl_file/oc0c00071_si_001.pdf), the fluorescence intensities of free dyes in ethanol were higher than the corresponding fluorescence intensity in water. Also, it was observed that the increase in the number of anchoring sites could improve the fluorescence intensity. However, the enhanced fold of fluorescence intensities of OTES-doped FSNPs (FSNP-A, -B, and -C) compared with FSNP-a, -b, and -c in ethanol was not much higher than in water. This was attributed to the weaker solvation of ethanol compared to water, which did not effectively quench fluorescence. The above comparison experiment verified our presumption that doping of OTES could significantly improve the fluorescence intensity by constructing a local hydrophobic cage, especially in water. Thus, FSNP-C of hydrophobic OTES-doped containing three anchoring sites for embedding cyanine into silica matrices comprehensively resulted in FSNP-C with the highest fluorescence intensity.

Compared with fluorescence intensity, the data of fluorescence lifetime can prevent the possible measurement error of the quantity of used fluorophore. Also, the fluorescence lifetime can reflect the effect of the microenvironment of fluorophores.^[@ref51]^ Therefore, the fluorescence lifetime of FSNPs in aqueous solution was measured ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}), to try to investigate the influence of the slight changes in the prepared FSNPs' microenvironment on the fluorescence lifetime. The fluorescence lifetime measurements showed two lifetime components for all FSNPs (τ1 and τ2, [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}; details in [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00071/suppl_file/oc0c00071_si_001.pdf)) corresponding to the cyanine dyes being present in two different silica microenvironments according to the literature.^[@ref52]^ The lifetime component (τ1) was assigned to solvent accessible dyes, and the lifetime component (τ2) was assigned to the dyes influenced by a restricted environment of inside of FSNPs. Therefore, free dye a--c had only one component (τ1) of fluorescence lifetime in aqueous solution. When free dyes were doped inside the nanoparticles, τ1 values of FSNP-a--c decreased significantly with the increase of τ2 values. After hydrophobic modification, both τ1 values and τ2 values of FSNP-A--C increased. Particularly, both τ1 values and the average lifetime (τ) of FSNP-a--c were shorter than that of corresponding free dyes. The reason was that Cy7 dyes tended to aggregate rather than disperse inside the nanoparticles, leading to the occurrence of ACQ and a short fluorescence lifetime because the permeability of water into FSNP-a--c and the presence of noncondensation Si--OH bonds in the silica matrix may greatly promote the occurrence of ACQ, also reducing the fluorescence lifetime. When cyanine dye molecules were separated from water molecules and the hydroxyl environment by the isolation effect of the local hydrophobic cage, the ACQ effect was inhibited, eventually leading to a larger τ2 value and a longer average lifetime (τ) of FSNP-A--C. The percentage of much bigger contribution (τ2) to the average lifetime (τ) of FSNPs significantly varied from 15.79% (FSNP-a) to 50.3% (FSNP-C). On the one hand, the τ1 values first decreased from free dye a--c to the FSNP-a--c due to ACQ enhancement. Then the τ1 values increased from FSNP-a--c to FSNP-A--C due to ACQ inhibition (blue bars in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). On the other hand, with the increase of the rotation limitation degree and the protection by OTES, the τ2 values increased significantly (green bars in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}) from FSNP-a--c to FSNP-A--C. The upward trend of these percentages (τ2) indicated that the introduction of rigid hindered groups and an increased number of anchoring sites effectively inhibited the internal rotation or isomerization of the inner FSNPs' cyanine dyes. Meanwhile, the hydrophobic alkyl of OTES may provide a relative nonpolar environment in the FSNPs' hybrid network, which could effectively isolate Cy7 and inhibit the π--π stacking stack of Cy7. These positively comprehensive factors ultimately led to the longer fluorescence lifetime of FSNP-A--C than those of free dye a--c and FSNP-a--c in aqueous solution (rose bars in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). The longest fluorescence lifetime of FSNP-C indicates that the nonradiative decay can be reduced by increasing the number of anchoring sites, and the ACQ effect can be efficiently inhibited by the local hydrophobic cage.

###### Photophysical Properties of the Prepared FSNPs

           fluorecsence lifetime/ns                                           
  -------- -------------------------- ----------------------- --------------- -------
  dye a    0.452 ± 0.002 (100)                                0.452 ± 0.002   1.003
  dye b    0.452 ± 0.001 (100)                                0.452 ± 0.001   0.986
  dye c    0.496 ± 0.001 (100)                                0.496 ± 0.001   1.196
  FSNP-a   0.098 ± 0.001 (84.21)      0.648 ± 0.001 (15.79)   0.185 ± 0.001   1.120
  FSNP-b   0.099 ± 0.002 (78.78)      0.631 ± 0.003 (21.22)   0.212 ± 0.001   1.128
  FSNP-c   0.075 ± 0.002 (77.99)      0.635 ± 0.001 (22.01)   0.198 ± 0.002   1.026
  FSNP-A   0.233 ± 0.002 (59.30)      1.119 ± 0.005 (40.71)   0.594 ± 0.002   1.079
  FSNP-B   0.221 ± 0.003 (56.86)      1.188 ± 0.003 (43.14)   0.638 ± 0.003   0.972
  FSNP-C   0.229 ± 0.001 (49.70)      1.221 ± 0.002 (50.30)   0.728 ± 0.002   0.920

All measurements performed in water.

The average lifetime τ = τ1 × A1 + τ2 × A2.

Represents the goodness of the fit. All lifetime values are based on triplicate measurements with the standard deviation given by ± value.

![Synthetic histogram analysis for the fluorescence lifetime components (τ1 value and τ2 value) and average fluorescence lifetime (τ value) from [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The a--c, F-a--c, and F-A--C in the bar chart represent free dye a--c, FSNP-a--c, and FSNP-A--C, respectively.](oc0c00071_0004){#fig3}

Chemical Durability and Physiological Stability of FSNPs {#sec2.4}
--------------------------------------------------------

Maintaining the chemical stability of FSNPs under physiological condition is the prerequisite for biological applications. So we tested the chemical durability of FSNPs in phosphate buffer (pH = 7.4, 10 mM). As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}h, the fluorescence intensity of the prepared FSNPs did not fluctuate significantly during 2 weeks. These covalent linkages between organic dyes and inorganic frameworks can be an advantage over other weakly bonded materials,^[@ref53]^ which can completely avoid the leaching of dyes. Furthermore, all FSNPs had a good stability in phosphate buffer over a wide pH range from 4.0 to 10.0 ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00071/suppl_file/oc0c00071_si_001.pdf)). Besides, the stability of FSNPs in complete medium (containing 10% of FBS) was also measured [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}h. As we expected, the fluorescence intensity of FSNPs had no significant change for 2 weeks, which ensured a robust biostability in the physiological environment. The effective covalent anchoring of Cy7 through three rigid hindrance anchor sites was the key to a good stability of FSNPs in solution. In addition, the isolated internal environment provided by the local hydrophobic cage could effectively prevent the collision between water molecules and Cy7.

Photostability Evaluation of FSNPs {#sec2.5}
----------------------------------

After a good chemical durability and physiological stability of FSNPs was confirmed, greater attention should be paid to the photostability. This is because of the fact that photobleaching of cyanine dyes is the biggest issue that often causes distortion of the fluorescence signal.^[@ref54],[@ref55]^ Therefore, free dyes and FSNPs dispersed in aqueous solutions or deoxygenated aqueous solutions were irradiated with a W-halogen lamp (500 W) for 90 min to evaluate their photostability. It could be observed from [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a that a long-term irradiation could rapidly reduce the fluorescence intensity of free dyes and FSNP-a--c, leading to significant time-dependent photofading. Especially, the fluorescence signal of both free dye a and dye b was less than 40% after 90 min of exposure. This was because reactive oxygen species (ROS) was produced, resulting in the photooxidative degradation of cyanine *in situ*.^[@ref56]^ However, the photostability of FSNPs had been greatly improved when cyanine dyes were covalently encapsulated in the silica matrix, which retained 54.6% (FSNP-a), 60.8% (FSNP-b), and 72.8% (FSNP-c) of the initial fluorescent value. Obviously, the photostability of FSNP-c was better than FSNP-a and FSNP-b. This was because three covalent anchoring sites combining three rigid hindrance groups made the doped cyanine dyes less susceptible to be attacked by ROS through limiting the free internal rotation of cyanine in the excited state and protecting the conjugate structure. Remarkably, the phototstability of FSNP-A--C showed more obvious enhancement after doping with OTES ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a,c), which retained 73.1% (FSNP-A) and 77.8% (FSNP-B) of he initial fluorescent value. Especially, FSNP-C with the best optimal anti-photobleaching performance still retained 91.3% of the initial fluorescence intensity in water after 90 min irradiation, showing further anti-photobleaching capability for continuous long-term fluorescence imaging.

![Photostability evaluation of free dye a--c, FSNP-a--c, and FSNP-A--C in water (a) and deoxygenated water with N~2~ (b); (c) photobleaching behavior of nanoparticle aqueous solution after irradiation for 90 min. Free dyes and FSNPs are dissolved in different solvents, to ensure each group of free dyes and FSNPs had almost the same fluorescence intensity by adjusting concentration. λ~ex free dye a, b, c~ = 585, 609, and 619 nm, respectively. λ~ex FSNP-a and A, b and B, c and C~ = 604, 623, and 630 nm, respectively. Error bars represent ± σ for triplicate measurements.](oc0c00071_0005){#fig4}

Thus, we speculated that a relatively hydrophobic environment provided by the local hydrophobic cage could improve the photostability of dyes. So an experiment that simulated a hydrophobic environment was designed to investigate the effect of ACQ on the photostability. As shown in [Figure S7a](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00071/suppl_file/oc0c00071_si_001.pdf), the fluorescence of dye c in methanol was higher than that of in water, indicating a higher aggregation of dye c in water. Then, the fluorescence of dye c in water was enhanced with the addition of surfactant (sodium dodecyl benzenesulfonate). This was because the surfactant provided a hydrophobic environment for the dyes by forming micelles in the aqueous solution, leading to fluorescence enhancement.^[@ref57]^ Subsequently, the photostability before and after micellar formation was measured. We could see from [Figure S7b](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00071/suppl_file/oc0c00071_si_001.pdf) that the photostability of dye c that formed micelles was improved obviously after 60 min of irradiation. Therefore, the photostability of dye could be improved by inhibiting ACQ. This result agreed with the work in the literature.^[@ref57],[@ref58]^ Meanwhile, this result also proved that FSNP-A--C with a local hydrophobic cage could effectively inhibit ACQ and further improve the photostability.

It is well-known that ^1^O~2~ was recognized as a major ROS in the photooxidation process of cyanine dyes. Nevertheless, on the basis of the electronic transfer mechanism, the interaction of the excited dye with dioxygen can form O~2~^--^ through an electron transfer process. Because of the instability of O~2~^--^ in water, the dismutation of O~2~^--^ with H~2~O produced H~2~O~2~, O~2~, and •OH.^[@ref59]^ These highly oxidizing species would accelerate rapid oxidative degradation of cyanine dyes. Therefore, when the photostability was measured in deoxygenated water, we found that the resistance to photodegradation of free dyes and FSNP-a--c had generally improved ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b). However, the photostability of FSNP-A--C did not change significantly. Once again, this result indicated that the local nonpolar environment provided by the hydrophobic cage could repel water molecules to prevent them from colliding with Cy7 dyes, which could reduce the generation of additional ROS (H~2~O~2~, HO~2~^•^, or •OH) and further reduce the photooxidation process. As is clear from the above results, the relatively hydrophobic property of OTES-precursor alkyl chains greatly enhanced the final photophysical performance of FSNP-A--C.

Singlet Oxygen Production of FSNPs in Aqueous Solution {#sec2.6}
------------------------------------------------------

The capability to produce ^1^O~2~ is one of the essential properties of cyanine dyes as photosensitizers. Therefore, the relative singlet oxygen quantum yield of the prepared FSNPs was evaluated indirectly by using a commercially available ^1^O~2~ indicator 1,3-diphenylisobenzofuran (DPBF) as a chemical trap.^[@ref60]^ Distinctly, FSNP-A--C had a higher relative singlet oxygen quantum yield ([Table S3](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00071/suppl_file/oc0c00071_si_001.pdf)) compared to the corresponding FSNP-a--c and free dye a--c (Φ~MB~ = 0.52 as a reference),^[@ref61],[@ref62]^ while ICG or IR-787 had a value of only 0.008 or 0.007.^[@ref63]^ According to comparative tests for FSNP-C ([Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00071/suppl_file/oc0c00071_si_001.pdf)), the absorbance of DPBF decreased remarkably in the presence of FSNP-C under irradiation, giving the highest relative singlet oxygen quantum yield of Φ~Δ~ = 0.085. This was 12.1- and 8.5-fold of free dye c and FSNP-c, respectively. When FSNP-a, FSNP-b, and FSNP-c are irradiated with light source and self-sensitized to produce ^1^O~2~, water molecules as the strong quencher of ^1^O~2~ will directly quench ^1^O~2~ to inhibit its escape outside the nanoparticles. However, when the silane coupling agent (OTES) is doped, the long hydrophobic chains of OTES may provide a local hydrophobic cage for the Cy7 dyes inside FSNP-A--C and inhibit the proximity of water molecules. Thus, these hydrophobic modification nanoparticles FSNPs-A--C can increase the amount of ^1^O~2~ and reduce the inactivation of ^1^O~2~ by water *in situ*.

Fluorescence Intensity and Photostability Evaluation of FSNPs in HeLa Cells {#sec2.7}
---------------------------------------------------------------------------

Though we have obtained the exciting results in the testing of FSNP-A--C in aqueous solution, various uncertain factors in the intracellular microenvironment, including various ions, proteins, etc., may result in unstable fluorescence signals and poor fluorescence images. Therefore, we systematically measured the photostability and fluorescence intensity of FSNP-A--C in HeLa cells via confocal laser scanning microscopy (CLSM). On one hand, as seen in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a, both FSNP-a--c and FSNP-A--C could be effective internalization by HeLa cells because of their appropriate nanometer size distribution.^[@ref64]−[@ref66]^ On the other hand, it can be clearly seen that FSNP-A--C doped with OTES generally exhibited a higher fluorescence intensity than FSNP-a--c ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b). At the same time, it can be seen that the increase of covalent anchoring sites also improved the fluorescence intensity of FSNP-C and FSNP-c compared to FSNP-B and FSNP-b, respectively. Thus, the nanoparticles FSNP-A--C obtained enhanced brightness in living cells via inhibiting the ACQ effect. Especially, FSNP-C exhibited the brightest intracellular red fluorescence among the prepared FSNPs.

![(a) Fluorescence images of HeLa cells incubated with FSNP-a--c and FSNP-A--C at 2 μg mL^--1^. Irradiation sources: a standard 635 nm laser of OLYMPUS (laser transmissivity: 10%, λ~em~ = 655--755 nm). Scale bars = 40 μm; (b) plots of normalized intracellular fluorescence intensity from (a). The statistical significance level is \*\*\**P* \< 0.001.](oc0c00071_0006){#fig5}

Next, the intracellular photostability of FSNPs was evaluated via continuous laser scanning of CLSM. As can be seen from [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a, FSNP-A--C had an intracellular enhanced photostability compared to corresponding FSNP-a--c. Most importantly, the intensity of FSNP-C fluorescence signal remained virtually unchanged (fluorescent intensity remained at 90.1% of the initial value, [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b) after 300 s of laser scanning, whereas an obvious decrease in signal intensity was detected for cells stained with FSNP-A and FSNP-B (fluorescent intensity of FSNP-A and FSNP-B only remained at 61.8% and 67.6% of the initial value, respectively). By contrast, the fluorescent signal of FSNP-a--c was significantly affected by the complicated dynamic water-based microenvironment in living cells, exhibiting significant photobleaching (fluorescent intensity of FSNP-a--c only remained at 25.1%, 35.2%, and 58.8% of the initial value). These results indicated again that the doping of the long hydrophobic chains played an important role in simultaneously enhancing the photostability and fluorescence intensity of encapsulated cyanine dyes by providing a local hydrophobic cage. In order to verify the potential of FSNPs for long-term imaging, a commercially available Cyanine5 carboxylic acid (Cy5) dye was selected as a control for intracellular photostability testing. As we all know, Cy5 dye has a shorter π-conjugation system than Cy7 dye ([Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00071/suppl_file/oc0c00071_si_001.pdf)), so its photostability is generally higher than that of traditional Cy7 dye. After 300 s of laser irradiation under the same conditions, the fluorescent intensity of Cy5 remained at only 63.4% of the initial value, which is much lower than that of FSNP-C. So, taking all these factors into consideration, it is demonstrated that FSNP-C was the most photostable nanoparticles that was reasonably designed. Therefore, the excellent photostability and high fluorescence intensity should impart FSNP-C with the potential for long-term or multiple fluorescence imaging in living cells.

![(a) Comparison of the photostabilities of FSNP-a--c and FSNP-A--C in HeLa cells under the mode of time series scanning. A commercially available Cyanine5 carboxylic acid (Cy5) was selected as the control group. Irradiation sources: a standard 635 nm laser of OLYMPUS (laser transmissivity: 10%) was used and image detection range was from 655 to 755 nm. The initial fluorescence intensity (0 s) was adjusted to almost the same level. Scale bars = 40 μm; (b) plots of relative intracellular fluorescence intensity from recorded fluorescence images (a) as a function of the time show different levels of photobleaching. The statistical significance level is \*\*\**P* \< 0.001.](oc0c00071_0007){#fig6}

PDT Effect of FSNPs on HeLa Cells {#sec2.8}
---------------------------------

Since FSNP-C exhibited excellent photophysical properties in living cells, the PDT effect of FSNP-C on HeLa cells was further investigated using an MTT assay. As shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a,b, FSNP-C showed a stronger dose-dependent phototoxicity (IC~50~ = 5.02 μg mL^--1^) than FSNP-c (IC~50~ = 14.61 μg mL^--1^). Also, a commercial ROS probe 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) was selected to indicate the intracellular ROS level ([Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00071/suppl_file/oc0c00071_si_001.pdf)). After irradiation, the significantly green enhanced fluorescence was found in HeLa cells stained with FSNP-C. Meanwhile, both FSNP-C and FSNP-c had a low dark cytotoxicity due to a good biocompatibility of silica nanoparticles ([Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00071/suppl_file/oc0c00071_si_001.pdf)). Therefore, the phototoxicity index (PI) value (the ratio of IC~50~ of dark cytotoxicity to IC~50~ of phototoxicity) calculated for FSNP-C was 138.72, while that of FSNP-c was only 46.83. Besides, the HeLa cell death pathway during PDT was also determined by flow cytometry analysis using double-labeled annexin V-FITC and propidium iodide (PI). There was an obvious difference in the percentage of late apoptotic cells between the two groups that is shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}c (97.2% for FSNP-C, only 5.3% for FSNP-c), which was because cells treated with FSNP-C could produce more cytotoxic ^1^O~2~ than those cells treated with FSNP-c. Also, the necrotic cells had a low percentage in the two groups, indicating that the death pathway of HeLa cells treated with FSNPs during PDT was apoptosis rather than necrosis. These results suggested that FSNP-C could be a better nanophotosensitizer for PDT.

![PDT effect of FSNP-C (a) and FSNP-c (b) on HeLa cells. Data are presented as the mean value ± SD (*n* = 6); (c) apoptosis in HeLa cells detected by fluorescence activated cell sorting (FACS). HeLa cells treated with FSNPs (5 μg mL^--1^) are irradiated by a LED array (λ~ex~ = 660 nm, 50 mW/cm^2^) for 15 min. Percentages of live (PI-/Annexin V-), early apoptotic (PI-/Annexin V+), late apoptotic (PI+/Annexin V+), and necrotic (PI+/Annexin V-) cells are indicated in each quadrant.](oc0c00071_0008){#fig7}

PDT Efficacy of FSNPs on 3D Spheroidal Models of HeLa cells {#sec2.9}
-----------------------------------------------------------

Tumor spheroids established *in vitro* are considered to be a better model to simulate the situation in vivo than tumor cells in the monolayer.^[@ref67],[@ref68]^ We evaluated the PDT efficacy of FSNP-C and FSNP-c against 3D spheroidal models of HeLa cells by using Cy5 as a control. As shown by the bright red emission of FSNPs observed under CLSM ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}), FSNPs could effectively enter the tumor spheroids. More importantly, a significant decrease in tumor spheroids' diameter for the FSNP-C group could be observed after 2 days of PDT, along with the disintegration of the tumor spheroids. However, the tumor spheroids diameter did not decrease obviously for the groups of FSNP-c and Cy5. Meanwhile, we could also observe that the fluorescence of FSNP-C was barely photobleached during PDT. Therefore, FSNP-C with a good photostability and high PDT efficacy was extremely suitable for a long-term fluorescent imaging-guided PDT.

![Photodynamic activity of FSNP-c and FSNP-C against 3D spheroidal models of HeLa cells. 3D tumor spheroids are stained with FSNPs (5 μg mL^--1^, 4 h of incubation) after 3 days of incubation. PDT experiment of 3D tumor spheroids lasts for 3 days and is irradiated for 15 min day^--1^ with a LED array (λ~ex~ = 660 nm, 50 mW/cm^2^). Scale bars = 200 μm.](oc0c00071_0009){#fig8}

Evaluation of Intracellular Anti-ROS Ability of FSNPs during PDT {#sec2.10}
----------------------------------------------------------------

In the PDT process, ROS produced by self-sensitization of the fluorophores not only cause cytotoxicity, but also potentially cause the fluorophores to undergo photooxidation and lose photosensitization. Meanwhile, the fluorophores may be decomposed by highly reactive species or nucleophiles in biological system, which faces with a false signal problem.^[@ref69],[@ref70]^ Therefore, an intracellular experiment was designed to further assess he "anti-ROS" ability of FSNPs by monitoring the change in fluorescence intensity of FSNPs via CLSM ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}). To accelerate the progress of the anti-ROS experiment, protoporphyrin IX (PpIX) widely used in PDT was selected as the source of ROS production because it could produce a large amount of ^1^O~2~.^[@ref71]−[@ref73]^ After irradiation with a red LED array, we found that FSNP-C still retained more than 90% of the initial fluorescence intensity ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}b), while FSNP-c and Cy5 both had a significant loss of fluorescence intensity due to severe photooxidation (fluorescent intensity of FSNP-c and Cy5 only remained at 62% and 20% of the initial value, respectively). The results showed that FSNP-C could significantly reduce the occurrence rate of the photodegradation reaction during the PDT process, which was difficult to achieve in free cyanine dyes.

![(a) Intracellular anti-ROS experiment of FSNPs. HeLa cells are stained with PpIX (10 μM) and FSNPs (5 μg mL^--1^). HeLa cells are irradiated for 5 min with a LED array (λ~ex~ = 660 nm, 50 mW/cm^2^). The initial fluorescence intensity (before irradiation) is adjusted to almost the same level. Irradiation sources: a standard 635 nm laser of OLYMPUS (laser transmissivity: 10%) is used, and the image detection range is from 655 to 755 nm. Scale bars = 20 μm; (b) plots of relative intracellular fluorescence intensity from recorded fluorescence images (a) as a function of the time show different levels of photobleaching after PDT.](oc0c00071_0010){#fig9}

Mechanism of FSNP-C with Super Photostability and High PDT Efficiency in Aqueous Media {#sec2.11}
--------------------------------------------------------------------------------------

The experiments of PDT efficacy and intracellular anti-ROS in living cells had shown that FSNP-C had super photostability and a high PDT effect than that of FSNP-c. Obviously, the hydrophobic cage inside FSNP-C played an extremely important role. As is well-known, the interaction of an excited dye molecule and O~2~ could form ^1^O~2~ and O~2~^--^ through two possible mechanisms (energy transfer and electron transfer), respectively.^[@ref59]^ Therefore, the mechanism of FSNP-C with super photostability and high PDT efficiency in aqueous media is shown in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}. The hydrophobic environment provided by OTES could avoid the penetration of water molecules into FSNP-C and thus inhibit the reaction of water molecules with O~2~^--^ to generate other strong oxidizing species (•OH and H~2~O~2~). As a result, the electron transfer path was suppressed, avoiding further photooxidation by other strong oxidizing species. Meanwhile, ^1^O~2~ could not be quenched by water molecules, leading to a higher PDT efficiency. For FSNP-c, however, the electron transfer mechanism was enhanced and further accelerated the photooxidation of dyes due to the inability to effectively inhibit the inward diffusion of water molecules. This was because without a local hydrophobic cage inside FSNP-c, the water-soluble ROS such as H~2~O~2~ could be easily diffused inside nanoparticles as water molecules penetrated,^[@ref74]^ leading to the occurrence of photooxidation. Besides, FSNP-c obtained a lower PDT efficiency than FSNP-C due to the quenching of ^1^O~2~ by water molecules.

![Mechanism of FSNP-C with super photostability and high PDT efficiency in aqueous media. S~0~: cyanine dyes in the ground state; S~1~: cyanine dyes in the singlet excited state; T~1~: cyanine dyes in the triplet excited state; R^+^: cyanine dyes in the radical cationic state.](oc0c00071_0002){#fig10}

Conclusions {#sec3}
===========

In summary, we proposed a collaborative hydrophobic cage and molecular engineering strategy to achieve super bright and super photostable NIR fluorescent silica nanoparticles in aqueous media. This collaborative strategy enabled the prepared FSNP-C to exhibit the longest fluorescence lifetime, the highest fluorescence intensity, and the best photostability in aqueous solution. The excellent optical physical properties of FSNP-C were attributed to the local hydrophobic cage to inhibit the ACQ effect and inward diffusion of water molecules, the larger steric hindrance, and the increasing covalently anchored sites. Therefore, we successfully achieved long-term fluorescence imaging of HeLa cells without serious photobleaching in the physiological aqueous media even after durative irradiation for 300 s. Also, in the application of PDT, FSNP-C showed highly efficient production of ^1^O~2~ to kill HeLa cells and tumor spheroids of HeLa cells. In brief, we provided a feasible strategy for organic fluorophores which are susceptible to the ACQ effect and photobleaching to improve their photophysical performances for long-term bright fluorescence imaging and a stable PDT process.
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